Localization of mRNAs depends on specific RNA-binding proteins (RBPs) and critically contributes not only to cell polarization but also to basal cell function. The yeast RBP Khd1p binds to several hundred mRNAs, the majority of which encodes secreted or membrane proteins. We demonstrate that a subfraction of Khd1p associates with artificial liposomes and endoplasmic reticulum (ER), and that Khd1p endomembrane association is partially dependent on its binding to RNA. ER targeting of at least two mRNAs, MID2 and SLG1/WSC1, requires KHD1 but is independent of their translation. Together, our results suggest interdependence of Khd1p and mRNA for their targeting to the ER and presents additional evidence for signal sequenceindependent, RBP-mediated mRNA targeting.
Localization of mRNAs depends on specific RNA-binding proteins (RBPs) and critically contributes not only to cell polarization but also to basal cell function. The yeast RBP Khd1p binds to several hundred mRNAs, the majority of which encodes secreted or membrane proteins. We demonstrate that a subfraction of Khd1p associates with artificial liposomes and endoplasmic reticulum (ER), and that Khd1p endomembrane association is partially dependent on its binding to RNA. ER targeting of at least two mRNAs, MID2 and SLG1/WSC1, requires KHD1 but is independent of their translation. Together, our results suggest interdependence of Khd1p and mRNA for their targeting to the ER and presents additional evidence for signal sequenceindependent, RBP-mediated mRNA targeting.
Keywords: endoplasmic reticulum; Khd1p; mRNA localization; Saccharomyces cerevisiae; SRP-independent targeting Localization of messenger RNA is essential for establishing cell polarity and spatial control of gene expression [1, 2] . In Saccharomyces cerevisiae, more than 30 mRNAs are known to be selectively transported to the bud [3] [4] [5] . Localization of these transcripts or their localized translation depends on multiple trans-acting factors including the myosin motor protein Myo4p, and the RNA-binding proteins (RBPs) She2p, She3p, Khd1p, Loc1p, and Puf6p [6] [7] [8] [9] . Khd1p contains three RNA-binding domains of the heterologous nuclear ribonucleoprotein K (hnRNP K)-like homology (KH) type [7, 10, 11] . During ASH1 mRNA localization to the yeast bud, Khd1p colocalizes with ASH1 to the bud tip [7] and acts as a translation repressor [12] . It binds to the ASH1 transcript and to the C-terminal domain of the translation initiation factor eIF4G1. Binding to the latter presumably disrupts the interaction of eIF4G1 with the cap-binding protein eIF4E, which leads to inhibition of translation initiation [12] .
Previous studies revealed that Khd1p binds to several hundred mRNAs besides ASH1 [10, 13] . Its function on these mRNAs is largely unknown and might differ from translational regulation. While Khd1p negatively regulates Ash1 protein expression, its binding to MTL1 mRNA positively influences expression of the membrane sensor Mtl1p by stabilizing the transcript [10, 14] . A large Abbreviations ER, endoplasmic reticulum; GST, glutathion-S-transferase; KH, K (hnRNP K)-like homology (KH); mSMPs, mRNAs encoding secreted or membrane proteins; qRT-PCR, quantitative RT-PCR; RBP, RNA-binding proteins; SC, synthetic complete; SRP, signal recognition particle; TMD, transmembrane domain; WCE, whole-cell extract.
fraction of Khd1p-interacting mRNAs encode proteins of the plasma membrane, endoplasmic reticulum (ER), and cell wall [13] . Translation of these mRNAs generally occurs at the ER and requires cotranslational recognition of a signal peptide in the encoded protein by the signal recognition particle (SRP). SRP blocks translation and transfers the nascent peptide-ribosome-mRNA complex to the translocon in the ER membrane, where translation resumes [15, 16] . Recently, alternative pathways for directing transcripts to the ER have been described that involve the targeting of transcripts to the ER by RBPs before translation [17] [18] [19] . Examples of such ER-targeting RBPs have been identified in mammals [20] and yeast [21, 22] . Among these RBPs are integral membrane proteins like the mammalian p180, or RBPs that apparently only transiently interact with endomembranes like the yeast She2p.
Here, we report that the RBP Khd1p is involved in the targeting of mRNAs to the yeast ER and demonstrate that Khd1p cofractionates with cellular membranes and protein-free liposomes. Our findings suggest a hitherto unknown role of Khd1p in mediating translation-independent targeting of MID2 and SLG1/WSC1 mRNAs to the ER, thereby expanding the group of RBPs that facilitate SRP-independent targeting to this organelle.
Materials and methods
All yeast strains and plasmids as well from this study, as well as their construction strategies are listed in the Supporting Information.
Quick subcellular fractionation
Cells from RJY5252 and RJY5253 corresponding to 100 OD 600 units were harvested, washed twice with ice-cold water and one time with potassium phosphate buffer (100 mM potassium phosphate pH 7.5, 1.2 M sucrose). Glass bead lysis (four pulses of 90 s with 1-min breaks on ice) was done in 500 lL low-salt lysis buffer 1 [20 mM HEPES/KOH pH 7.5, 140 mM potassium acetate, 1 mM magnesium acetate, 1 mM DTT, 250 mM sucrose, 19 EDTA-free Protease Inhibitor Cocktail (Roche, Basel, Switzerland)]. Cell debris was removed by spinning twice at 800 g for 5 min. The resulting whole-cell extract (WCE) was diluted to 0.1 lgÁlL À1 and 200 lL fractionated at 6000 g (P6) for 5 min, 18 000 g (P18) for 30 min and supernatant (S18). Pellets P6 and P18 were resuspended in 200 lL low-salt lysis buffer 1 and 15 lL were used for SDS/PAGE followed by western blotting. Fractionation for RNA analysis was conducted as described in Frey et al. [23] with modifications. Yeast cells were grown to mid-log phase and approximately 100 OD 600 units were lysed in 1 mL low-salt lysis buffer 2 (20 mM HEPES pH 7.6, 100 mM potassium acetate, 5 mM magnesium acetate, 1 mM EDTA, 2 mM DTT) with 0.5 mM PMSF and 1 UÁlL À1 RNasin as inhibitors. RNasin was left out in the case of RNase treatment experiments. Cell debris was pelleted at 1200 g for 2 min and the supernatant (WCE) fractionated by consecutive centrifugation steps at 6000 (pellet P6), 18 000 (pellet P18), and 200 000 g (pellet P200) for 20 min each step at 4°C. After each centrifugation step, pellets were rinsed twice with ice-cold low-salt lysis buffer 2 and resuspended in 100-150 lL low-salt lysis buffer 2. To follow RNA distribution, pellets P6 and P18 (representing the membrane fractions) were pooled and resuspended in 1.5 mL of ice-cold low-salt lysis buffer 2. Pellet P200 and the supernatant S200 were pooled (cytosolic fraction). About 50 lL from the WCE, membrane, and cytosolic fractions were used for RNA extraction. For RNase treatment, 120 lL WCE was supplemented with 1 mM CaCl 2 and 5 lL micrococcal nuclease (2 000 000 gel unitsÁmL
À1
), incubated at room temperature for 20 min, and quenched with 2 mM EDTA. Samples were then centrifuged at 18 000 g for 30 min to separate the membrane fraction (pellet) from cytosolic fraction (supernatant).
Immunoprecipitation
Approximately 500 OD 600 units of yeast were lysed with glass beads in 1 mL breakage buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM EDTA pH 8, 0.1% Triton X-100, 19 protease inhibitor cocktail (Roche), and Ribolock RNase inhibitor 0.5 UÁlL
À1
). Cell debris was removed at 3000 g for 5 min. Protein concentration was determined and lysates corresponding to 118 lg were used for immunoprecipitation with GFP-TrapÒ_M (Chromotek, PlaneggMartinsried, Germany). Lysates were precleared with 20 lL magnetic agarose beads (Chromotek). Anti-GFP magnetic beads were blocked with Escherichia coli tRNA and heparin in blocking buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM EDTA pH 8, 0.1% Triton X-100, 0.1 mgÁmL À1 E. coli tRNA, 0.4 mgÁmL À1 heparin) for 2 h at 4°C. GFP fusion proteins were immunoprecipitated overnight at 4°C with 25 lL GFP-TrapÒ_M. Beads were then washed five times with wash buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM EDTA pH.8, 0.1% Triton X-100) and then resuspended in 75 lL ultrapure water. A quantity of 50 lL was used for SDS/PAGE followed by western blotting. RNA was extracted from the remaining bead suspension, resuspended in 20 lL RNase-free water, and used for RT-PCR.
RT-PCR and qRT-PCR
A quantity of 50 lL of RNA samples was subjected to RQ1 DNase (Promega, Mannheim, Germany) treatment and reverse transcription using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). To each sample, 10 ng spike RNA (in vitro transcribed Arabidopsis phosphoribulokinase RNA) was added before DNAse treatment. Quantitative RT-PCR (qRT-PCR) was performed in 10 lL reaction mixtures containing 2.5 lL of 1 : 20 or 1 : 100 dilutions of the individual cDNA samples. Gene specific primers were designed using PRIMER3 software (http://primer3.ut.ee/) and tested for mispriming or formation of primer dimers by melting curve analysis of the individual amplification products. All reactions were run in duplicates or triplicates. Quantifications were performed by the comparative Ct method [24] . For RNA analysis via quick subcellular fractionation, relative mRNA levels were derived by normalization using input values. In case of immunoprecipitation, normalization was against the spike RNA. For RT-PCR, 1 lL of cDNA was set to PCR with Taq DNA polymerase (Genaxxon Bioscience, Ulm, Germany) using oligos against OST3 and PMA1.
Flotation assay with protein-free liposomes
Flotation experiments with artificial liposomes were performed as described [22] . Liposomes were generated from a soybean phospholipid extract (Sigma, Taufkirchen, Germany) that contains as main phospholipids 55% phosphatidylcholine and 25% phosphatidylethanolamine. Lipids were completely dissolved to a final total lipid concentration of 10 mgÁmL À1 in degassed liposome buffer [20 mM Hepes (pH 7.4) and 100 mM NaCl], and the emulsion was passed 21 times through an 80 or 200 nm polycarbonate filter membrane mounted in a mini extruder (Avanti Polar Lipids, Alabaster, AL, USA) to create unilamellar liposomes. Liposomes were used immediately for flotation assays or stored at 4°C for a maximum of 1 week. A quantity of 50 lL of liposomes was mixed with 50 pmol Khd1p, Khd1p (GDDGmt) , or glutathion-S-transferase (GST), in 190 lL of binding buffer (50 mM Hepes/KOH, 150 mM potassium acetate, 1 mM magnesium acetate, 1 mM EDTA, and 1 mM DTT) and incubated for 15 min on ice. A quantity of 40 lL of the sample was kept as an input control. A quantity of 200 lL was mixed with 3 mL of binding buffer containing 70% sucrose and added to the bottom of a SW40 polycarbonate tube. The sample was then covered with three cushions of 3 mL of binding buffer containing 50%, 40%, and 0% sucrose. After centrifugation to equilibrium (70 000 g for 4 h at 4°C), the liposome-containing interface between the 40% and 0% sucrose cushions was harvested, precipitated by TCA, and dissolved in 45 lL of SDS sample buffer.
In vivo imaging and single-molecule fluorescence in situ hybridization (smFISH)
For the imaging of fusion proteins, a single yeast colony from a plate grown at 30°C was resuspended in 1 mL of synthetic complete (SC) medium with 2% glucose. Cells were collected by a short spin and resuspended in 100 lL of SC medium. Cells were spread on thin agarose pads containing SC medium plus 2% glucose and observed using a ZEISS Cell Observer Z1 fluorescence microscope or ZEISS AxioExaminer equipped with a CSU unit (Visitron Systems, Puchheim, Germany). Imaging of MS2L-tagged MID2 and SLG1 mRNAs was done as previously described [25] . Image processing was performed with AXIOVISION software version 4.8 (Zeiss, Oberkochen, Germany) or FIJI. Single-molecule fluorescence in situ hybridization (smFISH) for MID2 and ACT1 RNA was performed as described [26] using CAL Fluor Red 610-labeled 20mer antisense DNA oligonucleotides (Biosearch Technologies, Petaluna, CA, USA).
Results

Association of Khd1p with endomembranes
We have previously shown that a subfraction of the yeast RBP She2p cofractionates with the ER and that it can bind to protein-free artificial liposomes, indicating an association of She2p with endomembranes [22, 27] . Since Khd1p binds mRNAs encoding secreted or membrane proteins (mSMPs) [10, 13, 17] that are translated at the cytoplasmic face of the ER, we hypothesized that this RBP has similar features. We first assessed Khd1p subcellular fractionation using sucrose gradients. Myc-tagged Khd1p was found in fractions at the top of the gradient ( Fig. 1A ; fractions 9-11) where it cofractionated with the cytosolic marker Pgk1p. An additional subpopulation of Khd1p cofractionated with an ER membrane marker protein Sec61p (fractions 1-4) and with She2p, indicating that a fraction of Khd1p might be endomembrane-associated.
Protein-liposome cofloatation experiments, in which recombinant proteins were mixed with artificial liposomes and subjected to ultracentrifugation in sucrose density gradients, have previously shown that She2p can also bind to protein-free liposomes [22] . When performing similar floatation assays with GST-tagged Khd1p, we observed cofloatation of liposomes with Khd1p (67% of input) but not with GST (Fig. 1B) . This is similar to that previously observed for She2p (coflotation of > 70% of input) [22] . In addition, whereas She2p-binding increases with liposomes curvature and decreases with liposome size [22] , no preference was seen for Khd1p, indicating that it interacts with membranes in a different manner (Fig. 1B) .
Imaging revealed that, as previously reported [28] , the major fraction of GFP-tagged Khd1p is cytosolic under steady-state conditions ( Fig. 2A) . Our observation that it also cosegregates with the ER and that the protein binds to liposomes is not necessarily contradictory to this finding, since it is possible that only a subpopulation of Khd1p is membrane-associated under these conditions. In order to confirm our observation that a subpopulation of Khd1p might be membraneassociated, we used an assay that allows the detection of temporary or weak association of proteins with the ER [22, 29] . This assay is based on the observation that expression of a C-terminal peptide from the small protein TGBp3 of Bamboo mosaic potexovirus in yeast results in targeting of the peptide to and stable integration of it into the ER if it is fused to an integral or peripheral membrane protein [29] . We have previously used this assay to demonstrate membrane-binding potential of She2p in vivo [22] . A fusion protein of TGBp3, GFP, and Sec61p colocalizes with ER marked by Rtn1-mCherry (Fig. S1) . In contrast to the Sec61p fusion proteins, TGBp3-GFP-Khd1p forms spots that colocalize with the ER (Fig. 2B, arrows) . Colocalization with ER structures, in the form of foci, have also been reported for other TGBp3 fusions [29] . In order to test if the colocalization of TGBp3-GFP-Khd1p with the ER is specific, we used two cytosolic control proteins, glucose-6-phosphate dehydrogenase (Zwf1p) [30] and Ygr250c/Rie1p, an RBP that localizes to stress granules upon stress [31] . In contrast to Khd1p, neither of these fusion proteins colocalized with the ER (Fig. 2C,D) .
Membrane association of Khd1p depends on RNA binding
Endoplasmic reticulum association of Khd1p could be indirect and mediated by binding to mRNAs actively translated on ER-bound ribosomes. To test this, we treated cell lysates with RNase before fractionation into membrane and cytosolic fractions. Successful treatment was controlled by detection of two mRNAs encoding abundant membrane proteins (OST3 and PMA1, Fig. S2 ). RNase but not mock treatment resulted in a clear reduction of a GFP-Khd1p in the membrane fraction (Fig. 3A,B) , whereas the distribution of two control proteins (cytosolic Pgk1p and the ER marker Sec61p) remained unaffected. Since RNase treatment might also affect ER-associated ribosomes we next generated Khd1p mutants with defective RNA-binding domains.
KH domains are characterized by their GxxG motif [11] and replacement of the two middle residues of the motif to aspartic acids (D) has been demonstrated to render the domain nonfunctional [32] . We generated a Khd1p mutant where the two amino acid residues flanked by the glycines were exchanged against aspartic acid. This was done for KH domains one and two and the mutant named Khd1p (GDDGmt) . A fusion protein of GFP with wild-type Khd1p coimmunoprecipitated three mRNAs that were described as Khd1p targets (MID2, SCW11, SLG1, [10, 13] ), although with different efficiencies (Fig. 3C) . Coprecipitation of these mRNAs with GFP-Khd1p (GDDGmt) was severely reduced. Both fusion proteins could be immunoprecipitated at comparable levels (Fig. S3) .
After verifying that GFP-Khd1p (GDDGmt) is an RNAbinding mutant, we performed cell fractionation and separated cytosol (S18) from heavy (P6) and lighter (P18) membrane fractions (Fig. 3D) . Quantification of Khd1p distribution in these fractions show that GFPKhd1p (GDDGmt) is increased in the cytosolic fraction although its distribution does not mimic a cytosolic control protein, Pgk1p (Fig. 3E ). This suggests that RNA binding is involved in but not essential for Khd1p association with membranes in vivo. This is corroborated by liposome flotation using GST-tagged Khd1p
(GDDGmt) , which shows that even in the absence of RNA binding, the mutant protein cofloats with liposomes at a slightly lower efficiency (50.9% of input) than the wild-type protein (67%; Figs 3F and 1B) .
Association of MID2 and SLG1/WSC1 mRNAs with membranes depends on Khd1p
In parallel to the previous studies which showed an mRNA dependence for Khd1p to associate with the ER, we investigated if Khd1p-target mRNAs require the RBP for their binding to the ER. Such a requirement is corroborated by findings that roughly 50% of all transcripts bound by Khd1p encode cell wall or plasma membrane proteins [10, 13] , which are usually translated at the cytoplasmic face of the ER. We therefore investigated if six select Khd1p bound mRNAs (DSE2, EGT2, KRE1, SCW11, MID2, and SLG1/WSC1) copurify with ER-containing membrane fractions [23] and if this is affected by loss of Khd1p. As controls, we included two cytoplasmic mRNAs (GPH1 and ZWF1) reported to be bound by Khd1p [10] as well as a third unrelated mRNA ACT1. Using differential centrifugation, membrane fractions were separated from the cytoplasmic fraction (see Methods), from which RNA was extracted and analyzed by qRT-PCR. ACT1, GPH1, and ZWF1 were enriched in the cytoplasmic fraction, independent of the presence of Khd1p (Fig. 4A) . In contrast, the other six mRNAs cofractionated with membranes.
Membrane/cytoplasmic (m/c) ratios ranged from 3.5 for SLG1/WSC1 to 26.9 for EGT2 (Fig. 4A) . Upon deletion of KHD1, two mRNAs, MID2 and SLG1/ WSC1, shifted from the membrane to the cytoplasmic fraction (m/c ratios changed from 8.7 to 0.1, or 3.5 to 0.2, respectively), whereas the m/c ratios of the other four tested mRNAs did not decrease (Fig. 4A ). This suggests that membrane association of only a subset of the mRNAs interacting with Khd1p depends on the presence of the protein.
In order to test if membrane association of the mRNAs is related to translation and/or its signal sequence, we generated a MID2 mRNA lacking its start codon (MID2(-AUG)). Since the next in-frame AUG is 180 nucleotides downstream, translation of the mutant MID2(-AUG) mRNA would result in a shortened Mid2p without its signal sequence (Fig. 4B) . Both MID2 and MID2(-AUG) were expressed from a plasmid in cells lacking the endogenous copy of MID2. In contrast to wild-type MID2, expression of MID2(-AUG) cannot rescue the Calcofluor white sensitive phenotype of mid2Δ yeast [33] , indicating that the mutant is nonfunctional (Fig. S4 ). MID2 and MID2(-AUG) mRNAs were both enriched in the membrane fraction (Fig. 4C) , supporting the idea that ), using 200 nm liposomes. Input (I) and float (F) fractions were analyzed by western blotting against GST.
MID2 membrane association occurs independent of its signal sequence. The m/c ratio of MID2(-AUG) mRNA was even higher than that of wild-type MID2, indicating that translation might have an adverse effect on the mRNA's copurification with membranes. Deletion of KHD1 led to redistribution of both mRNAs to the cytoplasm (Fig. 4C) . Although MID(-AUG) lacks a signal sequence, translation initiation at a downstream AUG codon could code for a protein that has a transmembrane domain (TMD) that could also be recognized by the SRP [34] . Therefore, a stop codon was introduced before the TMD in MID2(-AUG) and named MID2(-TMD) (Fig. 4B) . MID2(-TMD) mRNA cofractionated with membranes (Fig. 4D) , making SRP-dependent targeting unlikely. This observation underscores the requirement of Khd1p to target MID2 mRNA to membranes, most likely the ER.
To gain additional evidence for a function of Khd1p in membrane-targeting of MID2 and SLG1/WSC1, we performed colocalization experiments with MS2 loop (MS2L-) tagged MID2 and SLG1/WSC1 mRNAs and the cortical-ER marker Rtn1p-mCherry. We grouped MS2L-tagged mRNPs into three classes (Fig. 5A) : not colocalizing (separation of ER and MS2L signal by more than 0.5 lm), peripheral (separation by less than 0.5 lm but no overlap of signals), and colocalizing (overlap of signals). Upon loss of Khd1p, we observed a significant reduction of MID2 and SLG1/WSC1 mRNPs that colocalized with ER, supporting our fractionation data (Fig. 5B,C) . Since recent observations of MS2L-tagged RNAs in yeast indicate that MS2L-tagging results in destabilization of the RNA, accumulation and likely targeting of MS2L-containing fragments to P-bodies [35, 36] , we used smFISH against untagged MID2 mRNA to support our live-imaging data. As control mRNA, ACT1 that encodes yeast actin was used. We again grouped smFISH signals into three classes based on colocalization with an ER marker (Hmg1p-EGFP). In contrast to MID2, where less than 5 mRNA signals per cell were detectable (Fig. 5D ), ACT1 was expectedly more prominent (Fig. S5) . However, MID2 mRNAs were detected with a higher frequency to colocalize with the ER although such colocalization was also observed with ACT1 (Fig. 5E ). Loss of KHD1 resulted in a shift of MID2 as well as MID2(-AUG) signals from ER colocalization to the cytoplasm (Fig. 5E,F) although the change is not as prominent as with the MS2-tagged mRNA. We conclude that Khd1p is partially responsible for colocalization of MID2 with the ER.
Discussion
Targeting of mRNAs to the cytoplasmic face of the ER can be achieved by different pathways. In the canonical model, mRNAs arrive at the ER as part of nascent chain complexes with ribosomes and the nascent peptide containing a signal recognized by the SRP. In contrast to this cotranslational targeting, alternative pathways involve binding of mRNAs by integral membrane or membrane-associated mRBPs at the ER [17] [18] [19] . Examples of such proteins are the ERmembrane protein p180 in mammals [20] , or the RBP She2p in budding yeast which shares properties with peripheral membrane proteins [5, 22, 27] . Here, we report that the yeast RBP Khd1p can also associate with membranes and is involved in translation-and signal sequence-independent targeting of MID2 and possibly other mRNAs to the yeast ER. Khd1p has different functions for various target mRNAs. For example, it can act as a translational inhibitor of ASH1 and FLO11 mRNAs [7, 12, 37] , or as an mRNA stabilizer in the case of MTL1 [10, 14] . Khd1p interacts with roughly 50% of bud-localized mRNAs [5, 10] , of which the majority encodes membrane or secreted proteins [3] . In addition, Khd1p binds to many nonlocalized mRNAs encoding proteins of the cell wall or plasma membrane [10, 13] , suggesting a function in controlling the fate or even localization of these mRNAs.
Taken together, our fractionation, imaging, and in vitro binding experiments support the view that Khd1p can in principle associate with intracellular membranes. These findings might reflect that only a subpopulation of Khd1p binds to the ER or that Khd1p binding to the ER is transient and therefore hard to detect. Importantly, cofractionation of Khd1p with membranes depends in large part on RNA association since an RNA-binding mutant showed severely reduced cofractionation. This suggests that association of Khd1p with the ER is indirect and possibly mediated by binding to mRNAs that are translated on ERbound ribosomes. However, Khd1p-binding to protein-free liposomes suggests that even in the absence of RNA, Khd1p has the propensity to interact with lipids. This has also been observed for another RBP, She2p [22] . An important difference in liposome-binding between the two proteins is the preference of She2p for high-curvature membranes as found in ER tubules. This specific feature might allow She2p to link localized mRNAs to tubular ER that moves into the bud, providing a mechanism for ER-dependent bud localization of certain yeast mRNAs [5, 38] . In contrast, Khd1p interacts with many non-bud-localized mSMPs [10, 17] . Since these mRNAs are likely translated at the perinuclear ER with a rather flat morphology [39] , no specific preference for curved membranes would be required for Khd1p. Although Khd1p's own association with the ER requires binding to RNA, at least two of its mRNA targets, MID2 and SLG1/WSC1, depend on KHD1 for efficient ER targeting. The requirement of Khd1 for their targeting is also reflected by their genetic interaction since KHD1 as well as MID2 and SLG1/WSC1 are involved in the cell wall integrity pathway [40] . Other described Khd1p targets like EGT2, SCW11, DSE2, or KRE1 associate with ER even in the absence of Khd1p, suggesting that either their ER binding might be mediated by the ribosome nascent chain complex interacting with the translocon or that other RBP might compensate for the loss of Khd1p. In case of EGT2, one such candidate could be the ER-associated RBP Whi3p since it also binds to EGT2 mRNA [41] . For MID2, targeting is largely, but not totally, independent of the translation of its signal sequence or its TMD which might serve as a targeting signal. Signal sequence independence for RNA targeting to the ER has been observed for several mRNAs in yeast and other cell types [20, 21, 38, 42] . Localization of these mRNAs to the ER requires RBPs that are ER-associated [5, 21] or integral membrane proteins [20] . For some RNAs like PMP1 and PMP2 [42, 43] , signals in the 3 0 -UTR have been identified that can recruit the SRP prior to translation of the signal sequence [42] . Thus, targeting of mRNAs to the ER might also be mediated by independent, yet redundant mechanisms.
Altogether, our data suggest that the RBP Khd1p weakly or transiently associates with the ER and that this may assist MID2 and potentially other mRNAs (e.g., SLG1/WSC1) in reaching the cytoplasmic face of the ER. Our data also support an alternative model of translation-independent mRNA targeting to the ER [17] [18] [19] 42] and provide further evidence that this targeting can occur via RBP.
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